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16. Abstract 

An i n i t i a l  a t t e m p t  was made t o  v e r i f y  t h e  Langley Research C e n t e r  and V i r g i n i a  
I n s t i t u t e  o f  Marine S c i e n c e  mid -At l an t i c  c o n t i n e n t a l - s h e l f  wave r e f r a c t i o n  model.  
The model was used t o  s i m u l a t e  r e f r a c t i o n  o c c u r r i n g  d u r i n g  a c o n t i n e n t a l - s h e l f  
remote s e n s i n g  expe r imen t  conducted on August 17 ,  1973. S imula t ed  wave s p e c t r a  
compared f a v o r a b l y ,  i n  a q u a l i t a t i v e  s e n s e ,  w i t h  t h e  e x p e r i m e n t a l  s p e c t r a .  How- 
e v e r ,  it was observed t h a t  most o f  t h e  wave e n e r g y  r e s i d e d  a t  f r e q u e n c i e s  h i g h e r  
t han  t h o s e  f o r  which r e f r a c t i o n  and s h o a l i n g  effects  were p r e d i c t e d .  I n  a d d i t i o n ,  
v a r i a t i o n s  among t h e  e x p e r i m e n t a l  s p e c t r a  were s o  small t h a t  t h e y  were n o t  con- 
s i d e r e d  s t a t i s t i c a l l y  s i g n i f i c a n t .  I n  o r d e r  t o  v e r i f y  t h e  r e f r a c t i o n  model ,  s i m -  
u l a t i o n  must be  performed i n  c o n j u n c t i o n  w i t h  a s e t  o f  s i g n i f i c a n t l y  v a r y i n g  spec-  
t r a  i n  which a c o n s i d e r a b l e  p o r t i o n  o f  t h e  t o t a l  e n e r g y  resides a t  f r e q u e n c i e s  f o r  
which r e f r a c t i o n  and s h o a l i n g  e f f e c t s  are  l i k e l y .  

* F o r  sale by the Nat ional  Technical  Information Service, Springfield. Virginia 22161 



COMPARISON OF REMOTELY SENSED CONTINENTAL-SHELF WAVE 

SPECTRA WITH SPECTRA COMPUTED BY U S I N G  A 

WAVE REFRACTION COMPUTER MODEL 

Lamont R .  Poole  
Langley Research Center  

SUMMARY 

An i n i t i a l  a t t e m p t  t o  v e r i f y  t h e  Langley Research Center  and V i r g i n i a  
I n s t i t u t e  o f  Marine S c i e n c e  mid -At l an t i c  c o n t i n e n t a l - s h e l f  wave r e f r a c t i o n  
model was made by u s i n g  t h e  model t o  s i m u l a t e  r e f r a c t i o n  o c c u r r i n g  d u r i n g  a 
c o n t i n e n t a l - s h e l f  remote s e n s i n g  experiment  conducted on August 1 7 ,  1973. 
Simulated wave s p e c t r a  compared f a v o r a b l y ,  i n  a n  o v e r a l l  q u a l i t a t i v e  s e n s e ,  
w i t h  e x p e r i m e n t a l  s p e c t r a .  It was obse rved ,  however, t h a t  most o f  t h e  wave 
ene rgy  r e s i d e d  a t  f r e q u e n c i e s  h igher  t h a n  t h o s e  f o r  which r e f r a c t i o n  and 
s h o a l i n g  e f f ec t s  were p r e d i c t e d .  I n  a d d i t i o n ,  v a r i a t i o n s  among t h e  e x p e r i -  
mental  s p e c t r a  were so  small t h a t  t h e y  were c o n s i d e r e d  s t a t i s t i c a l l y  i n s i g -  
n i f i c a n t  and ,  t h u s ,  n o t  a t t r i b u t a b l e  t o  r e f r a c t i o n  and s h o a l i n g  e f fec ts .  I n  
o r d e r  t o  ' v e r i f y  t h e  r e f r a c t i o n  model,  s i m u l a t i o n  must be performed i n  conjunc-  
t i o n  w i t h  a set  o f  e x p e r i m e n t a l  s p e c t r a  i n  which s i g n i f i c a n t  v a r i a t i o n  among 
the i n d i v i d u a l  s p e c t r a  is  e x h i b i t e d  and i n  which a c o n s i d e r a b l e  p o r t i o n  o f  
t h e  t o t a l  ene rgy  res ides  a t  f r e q u e n c i e s  f o r  which r e f r a c t i o n  and s h o a l i n g  
e f fec ts  are e x p e c t e d .  

I N T R O D U C T I O N  

Synop t i c  m o n i t o r i n g  of ocean s u r f a c e  c o n d i t i o n s  from t h e  NASA SEASAT-A 
s a t e l l i t e  ( r e f .  1 )  promises  t o  have a s i g n i f i c a n t  impact  on f u t u r e  c o a s t a l -  
zone p l ann ing  and management a c t i v i t i e s .  A n a l y t i c a l  models under development 
a t  t h e  p r e s e n t  time w i l l  u s e  t h e  b road- sca l e  data from Seasat t o  p r o v i d e  
sho r t - t e rm p r e d i c t i o n s  o f  ocean s u r f a c e  c o n d i t i o n s  on a smaller s p a t i a l  
scale.  These models cou ld  be o f  a i d  t o  t h e  c o a s t a l - z o n e  manager i n  areas 
such as disaster warn ing ,  p o l l u t i o n  d i s p e r s a l ,  o r  s i t e  s e l e c t i o n  f o r  o f f s h o r e  
and c o a s t a l  f a c i l i t i e s .  

The wave r e f r a c t i o n  model is one a n a l y t i c a l  p rocedure  which cou ld  p l a y  
a n  i n t e g r a l  r o l e  i n  an e f f e c t i v e  c o a s t a l - z o n e  management program. Given ref- 
e r e n c e  wave measurements a t  p o i n t s  a l o n g  the  o u t e r  edge o f  t h e  c o n t i n e n t a l  
s h e l f ,  t h e  r e f r a c t i o n  model would p r e d i c t  t h e  b e h a v i o r  o f  t h e  waves as t h e y  
c r o s s  t h e  s h e l f  and impinge on the  s h o r e l i n e .  O f  c o u r s e ,  b e f o r e  a wave 
r e f r a c t i o n  model c a n  be used i n  a n  o p e r a t i o n a l  management o r  p l a n n i n g  pro- 
gram, its computa t ions  must be v e r i f i e d  by comparison w i t h  a c t u a l  c o n t i n e n t a l -  
s h e l f  wave measurements f o r  a wide r a n g e  o f  wave cond i t ' i ons .  
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The p r e s e n t  pape r  d e s c r i b e s  a p rocedure  used i n  a n  i n i t i a l  a t t e m p t  t o  
v e r i f y  t h e  Langley Research C e n t e r  ( L a R C )  and V i r g i n i a  I n s t i t u t e  o f  Marine 
Sc ience  ( V I M S )  wave r e f r a c t i o n  model d e s c r i b e d  i n  r e f e r e n c e  2.  Experimental  
wave measurements were o b t a i n e d  by u s i n g  a n  a i r b o r n e  laser p r o f i l o m e t e r  
( re f .  3 )  which was flown o v e r  an approx ima te ly  60 -nau t i ca l -mi l e  s t re tch of 
t h e  c o n t i n e n t a l  shelf  o f f  Assateague I s l a n d ,  Maryland, on August 17 ,  1973. 
Energy d e n s i t y  s p e c t r a  d e r i v e d  from t h e  e x p e r i m e n t a l  measurements are com- 
pared w i t h  s i m u l a t e d  s p e c t r a  computed by u s i n g  t h e  LaRC-VIMS r e f r a c t i o n  
model a c c o r d i n g  t o  t h e  procedure o f  Chao ( r e f .  4 ) .  Discuss ion  o f  agreement 
between computed and e x p e r i m e n t a l  s p e c t r a  l eads  t o  recommendations f o r  f u t u r e  
a t t e m p t s  a t  model v e r i f i c a t i o n .  
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SYMBOLS 

r a y  s e p a r a t i o n  d i s t a n c e ,  meters 

water d e p t h ,  meters 

ene rgy  d e n s i t y  between r a y  p a i r  j and j + 1 ,  j o u l e s / m e t e r 2  

normalized ene rgy  a m p l i f i c a t i o n  f u n c t i o n  

wave f r e q u e n c y ,  h e r t z  

s i g n i f i c a n t  wave h e i g h t ,  ave rage  h e i g h t  o f  h ighes t  one - th i rd  of 
waves, meters 

wave r a y  index  

r e f r a c t i o n  c o e f f i c i e n t ,  d e f i n e d  by e q u a t i o n  ( 2 )  

s h o a l i n g  c o e f f i c i e n t ,  d e f i n e d  by e q u a t i o n  (3)  

wave number, meters-l 

s p e c t r a l  d e n s i t y ,  meters2/hertz 

wave p e r i o d ,  s econds  

d i s t a n c e s  a l o n g  a x e s  o f  wave r e f r a c t i o n  model,  n a u t i c a l  miles 

a n g l e  from which waves are p r o p a g a t i n g ,  as d e f i n e d  i n  f i g u r e  4, 
degrees 

S u b s c r i p t  : 

0 i n i t i a l  (deep-water)  va lue  

A b a r  ove r  a symbol i n d i c a t e s  s p a t i a l  a v e r a g e  o v e r  a f l ight- t rack 
segment. 
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WAVE MEASUREMENT EXPERIMENT 

The nominal p l a n  chosen f o r  a i r b o r n e  c o n t i n e n t a l - s h e l f  wave measurement 
expe r imen t s  c o n s i s t s  o f  two phases.  During the  first phase t h e  a i rcraf t  
f l i es  o f f s h o r e  f o r  a d i s t a n c e  o f  approx ima te ly  60 n a u t i c a l  miles i n  a direc-  
t i o n  o p p o s i t e  t o  t h a t  o f  t h e  l o c a l  ( o n s h o r e )  wind and a t  an a l t i t u d e  o f  
1.6 k i l o m e t e r s .  Along t h i s  f l i g h t  track, r e f e r e n c e  photographs are t a k e n  o f  
t h e  ocean s u r f a c e  wi th  a n  aer ia l  mapping camera. The second phase c o n s i s t s  
o f  a r e t u r n  ( o n s h o r e )  f l i g h t  i n  t h e  d i r e c t i o n  o f  t h e  l o c a l  wind and a t  a n  
a l t i t u d e  o f  160 meters. During t h i s  phase a c o n t i n u o u s  p r o f i l e  o f  t h e  ocean 
s u r f a c e  a l o n g  t h e  f l i g h t  t rack i s  o b t a i n e d  by u s i n g  a laser p r o f i l o m e t e r  i n  
the  mode descr ibed  i n  r e f e r e n c e  3. 

The p r e s e n t  wave measurement experiment  was conducted on August 17,  
1973, aboard a NASA C-54 a i rc raf t  s t a t i o n e d  a t  Wallops F l i g h t  C e n t e r ,  V i r -  
g i n i a .  Weather c o n d i t i o n s  i n  effect  d u r i n g  and f o r  s e v e r a l  h o u r s  i n  advance 
o f  t h e  f l i g h t  i n c l u d e d  scattered c l o u d s  a t  a n  a l t i t u d e  o f  65Q meters and a 
v i s i b i l i t y  o f  6 t o  7 n a u t i c a l  miles. Winds were from t h e  n o r t h e a s t ,  s h i f t i n g  
t o  the  e a s t - n o r t h e a s t  a t  speeds o f  5 t o  8 me te r s / second .  On t h e  b a s i s  o f  
these wind da t a ,  t h e  nominal b e a r i n g  f o r  t h e  o f f s h o r e  f l i g h t  t r ack  was 
selected as 070° from t r u e  n o r t h .  
I s l a n d ,  Maryland, n e a r  l o n g i t u d e  75' W and l a t i t u d e  38' N was chosen a r b i -  
t r a r i l y  as a g e o g r a p h i c a l  r e f e r e n c e  p o i n t  o v e r  which t o  f l y  and i n i t i a t e  t h e  
experiment .  

A n a v i g a t i o n a l  buoy l o c a t e d  o f f  Assateague 

The o f f s h o r e  phase o f  t h e  experiment  w a s  begun a t  17:46 GMT on August 17. 
Onboard n a v i g a t i o n  was provided by a LORAN n a v i g a t i o n  system w i t h  which read- 
i n g s  were made a t  IO-naut ical-mile  i n t e r v a l s  t o  a l l o w  f o r  c o u r s e  c o r r e c t i o n s  
as  n e c e s s a r y .  Onboard LORAN r e a d i n g s  t a k e n  a t  p o i n t s  from 0 t o  60 n a u t i c a l  
miles o f f s h o r e  from t h e  r e f e r e n c e  buoy were mapped o n t o  a Mercator p r o j e c t i o n  
by us ing  a U.S. Naval Oceanographic Office LORAN n a v i g a t i o n a l  cha r t .  Shown 
i n  f i g u r e  1 is  the  o f f s h o r e  f l i g h t  track faired th rough  t h e  a c t u a l  da ta  
p o i n t s .  
For t he  purposes  o f  t h i s  p a p e r ,  t h e  p o s s i b i l i t y  o f  e r r o r s  i n  t h e  LORAN read- 
i n g s  is  disregarded and t h e  faired f l i g h t  t r ack  i s  c o n s i d e r e d  e x a c t .  Refer- 
ence photographs were t a k e n  d u r i n g  t h i s  o f f s h o r e  f l i g h t  w i t h  t h e  aer ia l  map- 
ping camera equipped w i t h  a ye l low f i l t e r  and 9-inch format  f i l m .  
t he  r e f e r e n c e  pho tographs  are p r e s e n t e d  i n  f i g u r e  2 ,  w i t h  parts ( a ) ,  ( b ) ,  
and ( c )  f irst  ( s h o r e w a r d ) ,  m i d d l e ,  and l a s t  p o r t i o n s  o f  t h e  f l i g h t  t r ack ,  
r e s p e c t i v e l y .  I n  each f i g u r e ,  t h e  a i r c ra f t  was f l y i n g  i n  a d i r e c t i o n  from 
l e f t  t o  r i g h t  ( o f f s h o r e ) ,  and t h e  m a j o r i t y  o f  waves are t r a v e l i n g  i n  n e a r l y  
t h e  same d i r e c t i o n .  

Some d e v i a t i o n  from t h e  nominal 070' b e a r i n g  i s  e v i d e n t  i n  f i g u r e  1 .  

Three o f  

The o f f s h o r e  phase o f  t h e  experiment  was concluded a t  18:06 GMT a t  a 
p o i n t  approx ima te ly  60 n a u t i c a l  miles from t h e  r e f e r e n c e  buoy. The a i r c ra f t  
was t h e n  brought  down t o  t h e  160-meter a l t i t u d e  f o r  t h e  r e t u r n  f l i g h t ,  which 
was begun a t  18:15 GMT a t  a nominal b e a r i n g  of 250' from t r u e  n o r t h  and a 
nominal speed of 80 me te r s / second .  Onboard LORAN r e a d i n g s  t aken  a t  I O -  
n a u t i c a l - m i l e  i n t e r v a l s  on t h e  r e t u r n  f l i g h t  were a g a i n  mapped o n t o  a Merca- 
t o r  p r o j e c t i o n .  The a c t u a l  onshore f l i g h t  t r ack  faired th rough  t h e  p r o j e c t e d  
LORAN data p o i n t s  is  shown i n  f i g u r e  3. Cons ide rab le  d e v i a t i o n  from t h e  nom- 
i n a l  b e a r i n g  i s  e v i d e n t ,  b u t ,  a g a i n ,  t h e  faired f l i g h t  t rack  i s  c o n s i d e r e d  
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e x a c t .  During t h i s  phase of t h e  expe r imen t ,  a . c o n t i n u o u s  p r o f i l e  o f  t he  
ocean s u r f a c e  ( w i t h  a maximum r e s o l u t i o n  o f  10 cm) was o b t a i n e d  by u s i n g  the  
laser p r o f i l o m e t e r .  The laser data were r e c o r d e d  i n  a n a l o g  form on magne t i c  
t a p e  between t h e  times o f  18:15:30 GMT and 18:35:30 GMT. 

LASER DATA ANALYSIS 

I n  o r d e r  t o  prov.ide quasi-homogeneous d a t a  se ts  f o r  t h e  subsequent  spec- 
t ra l  a n a l y s i s ,  t h e  magne t i c  t a p e  r e c o r d  of laser p r o f i l o m e t e r  data was p a r t i -  
t i o n e d  i n t o  10 a d j a c e n t  b u t  independent  s e c t i o n s  o f  2-minute l e n g t h  each. 
Each s e c t i o n  was d i g i t i z e d  u s i n g  an i n t e r v a l  o f  0.04 second and t h e n  treated 
by a high-pass  d i g i t a l  f i l t e r  ( re f .  5 )  i n  o r d e r  t o  remove e x t r a n e o u s  ene rgy  
a t  ve ry  low t r u e  f r e q u e n c i e s  ( less  t h a n  0.06 Hz) a t t r i b u t e d  t o  v e r t i c a l  air-  
c ra f t  motions.  On t h e  b a s i s  o f  ev idence  from a similar wave measurement 
experiment  ( r e f .  6 ) ,  a i rcraf t  p i t c h  and r o l l  mo t ions  were assumed t o  have l it- 
t l e  i n f l u e n c e  on t h e  data  r e c o r d  o b t a i n e d .  Raw a p p a r e n t  s p e c t r a  (spectra  
observed from t h e  moving a i r c ra f t  r e f e r e n c e  frame) f o r  each f i l t e r ed  s e c t i o n  
were o b t a i n e d  by computing t h e  F o u r i e r  c o s i n e  t r a n s f o r m  o f  t h e  a u t o c o r r e l a -  
t i o n  f u n c t i o n  ( t o  150 lags)  o f  t h e  f i l t e r e d  s e c t i o n  i n  q u e s t i o n ,  a c c o r d i n g  
t o  t h e  method o f  Blackman and Tukey ( r e f .  7 ) .  Such a t r e a t m e n t  o f  data 
ob ta ined  ove r  a f i n i t e  spa t i a l  increment  produces,  i n  e s s e n c e ,  a spectrum 
which i s  a s p a t i a l  a v e r a g e  o f  l o c a l  s p e c t r a  o v e r  t h e  increment  i n  q u e s t i o n  
( re f .  8 ) .  The raw a p p a r e n t  spectra were t h e n  t reated by t h e  Hamming weighted 
a v e r a g i n g  p r o c e s s  ( re f .  9 ,  pp. 447-448) t o  o b t a i n  smoothed a p p a r e n t  s p e c t r a  
w i t h  80 p e r c e n t  c o n f i d e n c e  t h a t  r e p e a t e d  measurements o f  t h e  same wave f i e l d  
would r e s u l t  i n  spec t ra l  d e n s i t y  v a l u e s  l y i n g  between 0.71 and 1.31 times t h e  
v a l u e s  computed from t h e  i n i t i a l  measurements. 

For the  pu rposes  o f  t h e  presen-t  p a p e r ,  i t  was assumed t h a t  d i r e c t i o n a l  
s p r e a d i n g  i n  t h e  wave f i e l d  and d e v i a t i o n s  o f  t h e  a i r c ra f t  f l i g h t  t r a c k  from 
t h e  mean d i r e c t i o n  o f  wave p ropaga t ion  cou ld  be  n e g l e c t e d .  T h e r e f o r e ,  t h e  
smoothed a p p a r e n t  s p e c t r a  were transformed i n t o  t r u e  spec t ra  i n  a s t a t i o n a r y  
r e f e r e n c e  frame by u s i n g  t h e  u n i d i r e c t i o n a l  t r a n s f o r m a t i o n  t echn ique  pre-  
s e n t e d  i n  r e f e r e n c e  10. I n  o r d e r  t o  o b t a i n  s p a t i a l l y  averaged dep th  v a l u e s  
a long  t h e  v a r i o u s  f l i g h t - t r a c k  segments ,  which were r e q u i r e d  f o r  t h e  t r a n s -  
f o r m a t i o n ,  t h e  onshore  f l i g h t  t rack  was mapped i n t o  t h e  r e c t a n g u l a r  c o o r d i -  
n a t e  system o f  t h e  LaRC-VIMS wave r e f r a c t i o n  model ( f i g .  4 ) .  The f l i g h t  
t rack  was d i v i d e d  by t i c k  marks i n t o  2-minute segments ,  which are numbered 
from 1 t o  10 ( advanc ing  shoreward ) ,  co r re spond ing  t o  t h e  p r e v i o u s l y  computed 
appa ren t  s p e c t r a .  Segment 1 was found t o  l i e  o u t s i d e  t h e  seaward boundary 
of t h e  r e f r a c t i o n  model c o o r d i n a t e  system and was selected t o  p rov ide  t h e  
r e f e r e n c e  spectrum to  be used i n  subsequent  c a l c u l a t i o n s .  The ave rage  d e p t h  
d a long  segment 1 was estimated from an a u x i l i a r y  bathymetry char t  t o  be 
100 meters, and t h e  r e s u l t i n g  t ransformed spec t rum,  d e s i g n a t e d  as t h e  refer-  
ence deep-water spectrum, is  shown i n  f i g u r e  5. 

- 

A p o r t i o n  o f  segment 2 was a l s o  found t o  l i e  o u t s i d e  t h e  seaward bound- 
a r y  of t h e  model c o o r d i n a t e  system. S i n c e  there would b e  no c a p a b i l i t y  f o r  
s i m u l a t i n g  i n  f u l l  t h e  p r o p a g a t i o n  and r e f r a c t i o n  o f  t h e  r e f e r e n c e  spectrum 
through segment 2 ,  t h e  a p p a r e n t  spec t rum f o r  t h i s  segment was d i s c a r d e d .  
Average dep th  v a l u e s  a l o n g  segments 3 t o  10 were computed by ave rag ing  d e p t h  
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v a l u e s  a t  p o i n t s  a l o n g  a p p r o p r i a t e  r a y s  i n  t h e  wave r e f r a c t i o n  diagrams which 
were c o n s t r u c t e d  f o r  u s e  i n  s i m u l a t i n g  r e f r a c t i o n  o f  t h e  r e f e r e n c e  deep-water 
spec t rum ( t o  be d i s c u s s e d  i n  t h e  f o l l o w i n g  s e c t i o n ) .  
formed s p e c t r a  f o r  segments 3 t o  10 are shown i n  f i g u r e  6 .  

The r e s u l t i n g  t r a n s -  

SIMULATION OF SPECTRUM REFRACTION 

Because o f  t h e  weak l o c a l  wir.ds i n  e f fec t  d u r i n g  t h e  onshore f l i g h t  
expe r imen t ,  it was assumed t h a t  any changes observed i n  t he  spectra o b t a i n e d  
o v e r  t h e  f l i g h t  track were due t o  r e f r a c t i o n  and s h o a l i n g  e f fec ts  ra ther  
t h a n  t o  l o c a l  wave g e n e r a t i o n .  S i m u l a t i o n  of these r e f r a c t i o n  and s h o a l i n g  
effects  was performed by u s i n g  the LaRC-VIMS monochromatic wave r e f r a c t i o n  
model a c c o r d i n g  t o  a p rocedure  such  as t h e  one  o u t l i n e d  by P i e r s o n ,  Neumann, 
and James (ref.  11 )  and implemented by Chao (ref.  4 ) .  It was assumed t h a t  
t h e  deep-water spec t rum c o u l d  be r e p r e s e n t e d ,  w i t h  wave-wave i n t e r a c t i o n  
n e g l e c t e d ,  by a l i n e a r  s u p e r p o s i t i o n  o f  monochromatic waves t r a v e l i n g  i n i -  
t i a l l y  i n  a s i n g l e  d i r e c t i o n .  
of d i r e c t i o n a l  s p r e a d i n g  i n  a n a l y s i s  o f  t h e  laser  d a t a . )  
t h e  s i m u l a t i o n  p rocedure  was t h e n  t o  c o n s t r u c t  a r e f r a c t i o n  diagram f o r  each 
monochromatic wave used t o  approximate t h e  spec t rum.  

( T h i s  assumption c o r r e l a t e s  w i t h  t h e  neg , l ec t  
The first s t e p  i n  

The LaRC-VIMS r e f r a c t i o n  program was a l tered f o r  convenience i n  c o n s t r u c -  
t i o n  o f  t h e  r e q u i r e d  r e f r a c t i o n  diagrams. Computations were l i m i t e d  t o  a 
f a m i l y  o f 'wave  r a y s  ( o r t h o g o n a l s  t o  wave c r e s t s ) ,  each separated by  1 n a u t i -  
ca l  mile i n  deep water, i n  t h e  v i c i n i t y  o f  t h e  onshore  f l i g h t  t r ack .  I n s t r u c -  
t i o n s  were added t o  t h e  program t o  i n i t i a t e  r a y  computa t ions  a t  deep-water 
p o i n t s  l y i n g  a l o n g  a crest  l i n e  o r t h o g o n a l  t o  t h e  i n i t i a l  r a y  d i r e c t i o n  i n  
o r d e r  t o  r e f e r e n c e  a l l  computa t ions  t o  a n  i n t i a l  time. 
t i o n s  were t h e n  performed i n  f i x e d  time i n c r e m e n t s ,  and t i c k  marks were added 
t o  r a y s  i n  t h e  c o n s t r u c t e d  r e f r a c t i o n  diagram a t  spa t ia l  i n t e r v a l s  correspond-  
i n g  t o  5 t i m e  s teps .  The i n i t i a l  a n g l e  o0 selected f o r  a l l  waves i n  t h e  
approx ima t ing  ser ies  was t h e  mean a c u t e  a n g l e  between the  onshore  f l i g h t  t rack 
and t h e  X-axis o f  t h e  model c o o r d i n a t e  system, which w a s  computed t o  be 67'. 
R e f r a c t i o n  diagrams were . then computed f o r  waves p r o p a g a t i n g  from t h i s  direc- 
t i o n  and r a n g i n g  i n  p e r i o d  from T = 6 seconds  t o  T = 1 4  seconds .  T h i s  
pe r iod  r ange  c o r r e s p o n d s  t o  a f r equency  r a n g e  from f = 0.1667 h e r t z  t o  
f = 0.0714 h e r t z .  L i t t l e  e n e r g y  was observed i n  t h e  t r ans fo rmed  e x p e r i m e n t a l  
spectra ( f i g s .  5 and 6 )  a t  f r e q u e n c i e s  lower  t h a n  0.0714 h e r t z ,  and waves a t  
f r e q u e n c i e s  h igher  t h a n  0.1667 h e r t z  were found t o  undergo l i t t l e  o r  no 
r e f r a c t i o n .  Sample r e f r a c t i o n  diagrams are p r e s e n t e d  i n  f i g u r e  7 f o r  p e r i o d s  
T = 6 ,  8 ,  I O ,  12 ,  and 14 seconds .  The c i r c u l a r  symbols i n  each f i g u r e  d e n o t e  
LORAN a i r c ra f t  p o s i t i o n  data f o r  t h e  onshore  f l i g h t  t r a c k .  

Succeed ing  computa- 

Energy A m p l i f i c a t i o n  F u n c t i o n s  

V a r i a t i o n s  i n  wave ene rgy  due t o  r e f r a c t i o n  and s h o a l i n g  effects  can  be 
estimated a c c o r d i n g  t o  l i n e a r  t h e o r y  by c o n s i d e r i n g  the  wave e n e r g y  between 
two v e r t i c a l  p l a n e s  which are o r t h o g o n a l  t o  t h e  wave crests  and i n t e r s e c t  
w i t h  t he  s u r f a c e  t o  produce wave r a y s .  If r e f l e c t i o n ,  p e r c o l a t i o n ,  and bo t -  
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tom f r i c t i o n  are n e g l e c t e d  and i t  i s  assumed t h a t  no e n e r g y  is  t r a n s m i t t e d  
a c r o s s  wave r a y s ,  t h e n  f o r  a wave o f  f r equency  
at  some p o i n t  shoreward from a r e f e r e n c e  deep-water l o c a t i o n  and bounded by 
r a y  p a i r  j and j + 1 can be w r i t t e n  as 

f n ,  t h e  e n e r g y  d e n s i t y  E 

where Eo i s  t h e  i n i t i a l  (deep-water)  ene rgy  d e n s i t y  between r a y  p a i r  j 
and j + 1 ;  Kr is  t h e  l o c a l  r e f r a c t i o n  c o e f f i c i e n t ,  d e f i n e d  by 

1 /2 
Kr = (:) ( 2 )  

where bo is t h e  i n i t i a l  (deep-water)  d i s t a n c e  between r a y s  j and j + 1 
( f i x e d  as 1 n .  m i . )  and b is t h e  d i s t a n c e  between r a y s  j and j + 1 a t  
t h e  l o c a l  p o i n t  of i n t e r e s t ;  and Ks is t h e  l o c a l  s h o a l i n g  c o e f f i c i e n t ,  
de f ined  by ( r e f .  2 ,  p .  8 )  

2 cosh2  kd 
Ks = ( 2kd + s i n h  2kd ( 3 )  

where d is t h e  d e p t h  a t  t h e  p o i n t  o f  i n t e r e s t .  By computing the  ene rgy  
d e n s i t y  r a t i o s  E/E a t  t h e  p o i n t  o f  i n t e r e s t  f o r  waves o f  v a r y i n g  fre- 
quency, a no rma l i ze8  e n e r g y  a m p l i f i c a t i o n  f u n c t i o n  F ( f )  can be  c o n s t r u c t e d  
as a f u n c t i o n  o f  wave f r equency .  Then, w i t h  a r e f e r e n c e  deep-water s p e c t r a l  
d e n s i t y  S o ( f )  g i v e n ,  t h e  l o c a l  u n i d i r e c t i o n a l  r e f r a c t e d  s p e c t r a l  d e n s i t y  
S ( f )  can be  computed as t h e  product  o f  t h e  r e f e r e n c e  s p e c t r a l  d e n s i t y  and 
the normalized e n e r g y  a m p l i f i c a t i o n  f u n c t i o n ,  o r ,  

However, t h e  wave s p e c t r a  computed from t h e  e x p e r i m e n t a l  laser p r o f i l e s  
r e p r e s e n t  s p a t i a l  a v e r a g e s  o f  l o c a l  s p e c t r a  ove r  t h e  v a r i o u s  f l i g h t - t r a c k  
segments,  as d i s c u s s e d  - p r e v i o u s l y .  Accordingly,  s p a t i a l l y  averaged a m p l i f i -  
c a t i o n  f u n c t i o n s  F ( f )  were computed f o r  u se  i n  t h e  s i m u l a t i o n  procedure by 
first superimposing t h e  a i r c r a f t  f l i g h t  t r a c k  o n t o  each o f  t h e  c o n s t r u c t e d  
r e f r a c t i o n  diagrams as  shown, f o r  example,  i n  f i g u r e  8 f o r  a wave p e r i o d  
T = 10 seconds.  A s p a t i a l l y  averaged normalized e n e r g y  r a t i o  E/Eo f o r  seg- 
ment 8 ,  f o r  example,  was computed by ave rag ing  l o c a l  e n e r g y  r a t i o s  computed 
by t h e  r e f r a c t i o n  program a t  p o i n t s  between p1 and p2. Performance o f  
such computat ions f o r  each monochromatic wave used t o  approximate t h e  spec-  
trum (T r a n g i n g  from 6 t o  14 sec) r e s u l t e d  i n  c o n s t r u c t i o n  o f  ave rage  e n e r g y  
a m p l i f i c a t i o n  f u n c t i o n s  f o r  each segment,  i n  t h e  f r e q u e n c y  r ange  from 0.0714 
h e r t z  t o  0.1667 h e r t z .  For f r e q u e n c i e s  l e s s  t h a n  0.0714 h e r t z ,  t h e  r e spec -  
t i v e  a m p l i f i c a t i o n  f u n c t i o n s  were assumed t o  be  e q u a l  t o  t h e i r  v a l u e s  a t  

- 
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0.0714 her tz ,  w h i l e  f o r  f r e q u e n c i e s  greater t h a n  0.1667 h e r t z ,  t h e  a m p l i f i -  
c a t i o n  f u n c t i o n s  were assumed t o  be 1.0.  P l o t s  o f  t h e  a m p l i f i c a t i o n  func- 
t i o n s  f o r  t h e  e i g h t  f l i g h t - t r a c k  segments  are g i v e n  i n  figure 9, i n  which t h e  
dashed p o r t i o n s  o f  t h e  p l o t s  i n d i c a t e  assumed v a l u e s .  

Simulated Refracted S p e c t r a  

Simulated refracted s p e c t r a  f o r  f l i g h t - t r a c k  segments 3 t o  10 were com- 
puted by m u l t i p l y i n g ,  a c c o r d i n g  t o  e q u a t i o n  (41 ,  t h e  r e f e r e n c e  deep-water 
- spectrum ( f i g .  5 )  by t h e  s p a t i a l l y  averaged ene rgy  a m p l i f i c a t i o n  f u n c t i o n  
F ( f )  f o r  each of t h e  segments .  The r e s u l t a n t  s i m u l a t e d  s p e c t r a  are compared 
w i t h  t h e  e x p e r i m e n t a l l y  de t e rmined  s p e c t r a  i n  f i g u r e  I O .  

DISCUSS I O N  

I n  an o v e r a l l  q u a l i t a t i v e  manner t h e  s i m u l a t e d  s p e c t r a  f o r  a l l  e i g h t  
f l i g h t - t r a c k  segments  compare f a v o r a b l y  w i t h  t h e  r e s p e c t i v e  e x p e r i m e n t a l  spec-  
t r a .  With r e s p e c t  t o  v e r i f i c a t i o n  o f  t h e  r e f r a c t i o n  model,  however, t h e  
r e s u l t s  are less f a v o r a b l e .  It can  be seen  t h a t  n e a r l y  a l l  t h e  e n e r g y  i n  t h e  
v a r i o u s  s p e c t r a  res ides  a t  f r e q u e n c i e s  g r e a t e r  t han  0.12 h e r t z .  S i n c e  t h e  
computed a m p l i f i c a t i o n  f u n c t i o n s  were e s s e n t i a l l y  1.0 i n  t h i s  f r equency  r ange  
f o r  a l l  f l i g h t - t r a c k  segments ,  t h e  s i m u l a t e d  s p e c t r a  are i d e n t i c a l l y  e q u a l  t o  
t h e  r e f e r e n c e  deep-water spec t rum i n  t h i s  r a n g e .  I n  a d d i t i o n ,  i f  t h e  s p e c t r a  
i n  f i g u r e  10 are compared w i t h  t h e  r e f e r e n c e  deep-water spec t rum ( f i g .  5 ) ,  
t h e  s p e c t r a  f o r  each f l i g h t - t r a c k  segment a p p e a r  t o  l i e ,  f o r  t h e  most p a r t ,  
w i t h i n  t h e  80-percent  c o n f i d e n c e  l i m i t s  o f  t h e  r e f e r e n c e  spectrum. Thus, i n  
an o v e r a l l  manner t h e  changes i n  t he  v a r i o u s  s p e c t r a  r e l a t i v e  t o  t he  refer-  
ence deep-water spec t rum are s t a t i s t i c a l l y  i n s i g n i f i c a n t  a t  t h e  80-percent 
conf idence  l e v e l .  

S i n c e  t h e  v a r i o u s  spectra e x h i b i t  a s i m i : s r  characterist ic s h a p e ,  d i f -  
f e r e n c e s  among t h e  spectra can be d i s c u s s e d  from a more q u a n t i t a t i v e  approach 
by c o n s i d e r i n g  t h e  s i g n i f i c a n t  h e i g h t  HlL3, which, under t h e  assumption o f  
a Gaussian d i s t r i b u t i o n  o f  wave h e i g h t s ,  is e q u a l  t o  4 times t h e  s q u a r e  r o o t  
of t h e  area under t h e  spec t rum ( r e f .  1 2 ,  pp. 22). The areas under s i m u l a t e d  
and e x p e r i m e n t a l  s p e c t r a  f o r  f l i g h t - t r a c k  segments  3 t o  10 were computed by 
t r a p e z o i d a l  i n t e g r a t i o n ,  and t h e  r e s u l t a n t  s i g n i f i c a n t  h e i g h t s  were compared 
with t h e  s i g n i f i c a n t  he igh t  f o r  t h e  r e f e r e n c e  deep-water spectrum. R e l a t i v e  
changes o f  0 t o  2 p e r c e n t  i n  t h e  s i m u l a t e d  s i g n i f i c a n t  h e i g h t s  s u b s t a n t i a t e  
t h e  o b s e r v a t i o n  t h a t  most o f  t h e  e n e r g y  i n  t h e  r e f e r e n c e  spec t rum r e s i d e d  a t  
f r e q u e n c i e s  above t h o s e  f o r  which r e f r a c t i o n  e f fec ts  were p r e d i c t e d .  A maxi- 
mum r e l a t i v e  change of 9 p e r c e n t  was found i n  t h e  e x p e r i m e n t a l  s i g n i f i c a n t  
h e i g h t s .  Such a change would co r re spond  t o  a 19-percent  maximum d i f f e r e n c e  
i n  s p e c t r a l  d e n s i t y  l e v e l s ,  which f a l l s  w i t h i n  a p p r o x i m a t e l y  230-percent  
band l i m i t s  t h a t  must be exceeded t o  a t t a i n  a s t a t i s t i c a l l y  s i g n i f i c a n t  
d i f f e r e n c e .  

The f o r e g o i n g  d i s c u s s i o n  i n d i c a t e s  t h a t  i n  o r d e r  t o  v e r i f y  t h e  LaRC-VIMS 
r e f r a c t i o n  model,  e x p e r i m e n t a l  data must be  o b t a i n e d  under c o n d i t i o n s  such 
t h a t  a c o n s i d e r a b l e  p o r t i o n  o f  t h e  t o t a l  wave ene rgy  resides a t  f r e q u e n c i e s  



lower t h a n  t h o s e  e x p e r i e n c e d  i n  t he  p r e s e n t  a n a l y s i s .  I n  a d d i t i o n ,  these 
must be v a r i a t i o n s  among t h e  i n d i v i d u a l  wave s p e c t r a  t o  a degree t h a t  t h e  
v a r i a t i o n s  can be  a t t r i b u t e d  w i t h  s t a t i s t i c a l  s i g n i f i c a n c e  t o  p h y s i c a l  
c a u s e s ,  namely s h o a l i n g  and r e f r a c t i o n ,  r a t h e r  t h a n  t o  random f l u c t u a t i o n s .  
To a c h i e v e  s ta t i s t ica l  s i g n i f i c a n c e  w h i l e  r e t a i n i n g  reason.able  f r e q u e n c y  res- 
o l u t i o n ,  f u t u r e  a n a l y s e s  might, r e q u i r e  much l o n g e r  data r e c o r d  l e n g t h s  o r  
d i g i t i z a t i o n  u s i n g  a much smaller i n t e r v a l .  

CONCLUDING REMARKS 

The p r e s e n t  paper  has  d e s c r i b e d  t h e  p rocedure  used i n  a n  i n i t i a l  a t t e m p t  
t o  v e r i f y  t h e  Langley Research Cen te r  and V i r g i n i a  I n s t i t u t e  o f  Marine S c i -  
ence  mid -At l an t i c  c o n t i n e n t a l - s h e l f  wave r e f r a c t i o n  model. Experimental  
s p e c t r a  were o b t a i n e d  a l o n g  a 60-nau t i ca l -mi l e  t r ack  i n  t h e  r e g i o n  o f f  
Assateague I s l a n d ,  Maryland, on August 17,  3973, by u s i n g  a laser p ro f i lom-  
e ter  mounted aboard a NASA C-54 a i r c r a f t .  The r e f r a c t i o n  model was t h e n  used 
i n  a l i n e a r  s u p e r p o s i t i o n  mode t o  s i m u l a t e  t h e  spec t rum r e f r a c t i o n  o c c u r r i n g  
d u r i n g  t h e  f l i g h t  expe r imen t .  

The s imula t ed  spec t ra  compared f a v o r a b l y  w i t h  t h e  e x p e r i m e n t a l  s p e c t r a  
i n  an o v e r a l l  q u a l i t a t i v e  s e n s e .  It was o b s e r v e d ,  however, t h a t  most o f  t h e  
wave ene rgy  res ided  a t  f r e q u e n c i e s  h igher  t h a n  t h o s e  f o r  which r e f r a c t i o n  
e f fec ts  were p r e d i c t e d .  I n  a d d i t i o n ,  v a r i a t i o n s  among t h e  e x p e r i m e n t a l  spec-  
t ra were s t a t i s t i c a l l y  i n s i g n i f i c a n t  and t h u s  cou ld  n o t  be  a t t r i b u t e d  t o  
p h y s i c a l  c a u s e s ,  namely s h o a l i n g  and r e f r a c t i o n .  I n  o r d e r  t o  v e r i f y  t h e  
r e f r a c t i o n  model,  s i m u l a t i o n  must be performed i n  c o n j u n c t i o n  w i t h  a set  o f  
expe r imen ta l  spectra i n  which s i g n i f i c a n t  v a r i a t i o n  among t h e  i n d i v i d u a l  
s p e c t r a  is e x h i b i t e d  and i n  which a c o n s i d e r a b l e  p o r t i o n  o f  t he  t o t a l  wave 
energy o c c u r s  a t  lower f r e q u e n c i e s  ' t han  expe r i enced  i n  t h e  p r e s e n t  a n a l y s i s .  

Langley Research Center  
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Hampton, V A  23665 
November 22, 1976 

8 



REFERENCES 

1. McCandless, S. Walter, J r . :  SEASAT-A - A User Or ien ted  Systems Design.  
Proceedings  of  t h e  I n t e r n a t i o n a l  Symposium on A p p l i c a t i o n s  o f  Marine 
Geodesy, Mar. Technol .  SOC.,  c .  1974, pp. 67-74. 

2.  Goldsmith,  Victor;  Morris, W .  Douglas;  Byrne,  Robert  J . ;  and Whi t lock ,  
C h a r l e s  H . :  Wave Climate Model o f  t h e  Mid-At lan t ic  S h e l f  and S h o r e l i n e  
( V i r g i n i a n  Sea )  - Model Development, S h e l f  Geomorphology, and P r e l i m i -  
n a r y  R e s u l t s .  NASA SP-358, V I M S  SRAMSOE No. 38, 1974. 

3. Schu le ,  John J . ,  Jr . ;  Simpson, Lloyd S . ;  and DeLeonibus, P .  S.: A S tudy  
o f  Fetch-Limited Wave S p e c t r a  With an  Airborne  Laser. J .  Geophys. 
Res., v o l .  76,  no.  18, June  20, 1971, pp. 4160-4171. 

4 .  Chao, Yung-Yao: Wave R e f r a c t i o n  Phenomena Over t h e  C o n t i n e n t a l  S h e l f  
Near t h e  Cheasapeake Bay En t rance .  Tech. Mem. No. 47, Coastal Eng. 
Res. C e n t e r ,  U.S. Army Corps Eng., Oct. 1974. 

5. L i n n e t t e ,  H.  M . :  S t a t i s t i c a l  F i l t e r s  f o r  Smoothing and F i l t e r i n g  Equa l ly  
Spaced Data. Res. Rep. 1049, U.S. Navy E l e c t r o n .  Lab . ,  J u l y  I O ,  1961. 

6.  B a r n e t t ,  T.  P . ;  and Wilkerson ,  J .  C . :  On t h e  Genera t ion  o f  Ocean Wind 
Waves as I n f e r r e d  From Airborne  Radar Measurements o f  Fetch-Limited 
S p e c t r a .  J .  Mar. Res., v o l .  25 ,  no.  3 ,  S e p t .  15 ,  1967, pp. 292-328. 

7 .  Blackman, R .  B . ;  and Tukey, J .  W . :  The Measurement of Power S p e c t r a  
From t h e  P o i n t  o f  V i e w  o f  Communications Eng inee r ing .  Dover Publ . ,  
I n c . ,  c .1958.  

8 .  Tayfun,  M. A . ;  Yang, C .  Y . ;  and Hsiao, G .  C . :  Optimal Design fo r  Wave 
Spectrum Estimates. J .  Geophys. Res., v o l .  8 0 ,  no.  15 ,  May 20 ,  1975, 
PP. 1937-1947. 

9 .  Kinsman, B la i r :  Wind Waves - The i r  Gene ra t ion  and P ropaga t ion  on t h e  
Ocean S u r f a c e .  P ren t i ce -Ha l l  , I n c  . , c .  1965. 

IO.  Poole,  Lamont R . :  T rans fo rma t ion  o f  Apparent Ocean Wave S p e c t r a  Observed 
From an  Aircraft Senso r  P la t fo rm.  NASA TN D-8246, 1976. 

11. P i e r s o n ,  Wi l l a rd  J . ,  J r . ;  Neumann, Gerhard;  and James, Richard W . :  Prac-  
t i c a l  Methods f o r  Observing and F o r e c a s t i n g  Ocean Waves by Means o f  
Wave S p e c t r a  and S t a t i s t i c s .  H .  0. Publ .  No. 603,  U.S. Naval Oceanogr.  
Office, 1971. 

12. Neumann, Gerhard;  and P i e r s o n ,  Wi l l a rd  J . ,  Jr.: Known and Unknown Prop- 
ert ies of t h e  Frequency Spectrum of  a Wind-Generated Sea. Ocean Wave 
S p e c t r a ,  P r e n t i c e - H a l l ,  I n c . ,  c .1963,  pp. 9-25. 

9 

I I l l 1  IlllIllllIllll1111ll111l1lll 



50'r Cape Henlopen 

38'0' 1 
I 

-- Nominal flight track - Actual flight track 
0 LORAN data 

40'i I I I I I i I I 
10' 75'0' 50' 40' 74'30' 20' 10' 74'0' 50' 

West longitude 

F igu re  1.-  Offshore f l i g h t  track f o r  wave measurement exper iment .  



L-76-7502 
( a )  Shoreward p o r t i o n  o f  f l i g h t  t r a c k .  

Figure 2.- Reference photographs o f  wave f i e l d  taken du r ing  o f f s h o r e  phase 
of wave measurement experiment.  



L-76-7503 
(b) Middle p o r t i o n  o f  f l i g h t  track. 

Figure  2 .  - Continued. 



L-76-7504 
( c )  F i n a l  (seaward) por t ion  o f  f l i g h t  t r a c k .  

F igure  2. - Concluded. 
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Figure  3.- Onshore f l i g h t  t rack  f o r  wave measurement experiment .  
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igure 4.-  Onshore f l i g h t  t r a c k  i n  r e f r a c t i o n  model c o o r d i n a t e  system 

d i v i d e d  i n t o  numbered 2-minute segments .  C i r c u l a r  symbols deno te  
LORAN d a t a .  
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Figure 5.- Reference deep-water wave spectrum, transformed 
f o r  3 = 100 meters. 
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F igu re  6.- Wave s p e c t r a  f o r  f l i g h t - t r a c k  segments, transformed for - d 
of  r e s p e c t i v e  segments. 
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Figure 6.- Continued. 
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Figure 6.- Continued. 
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Figure  6.- Cont inued.  
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Figure 6 .  - Continued. 
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F igure  6.- Continued. 
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F i g u r e  6.- Concluded. 
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(b) T = 8 seconds.  

F igu re  7.- Continued. 



Iu 
4 

( c >  T = 10 seconds. 

Figure 7 .  - Continued. 



( a )  T = 12 seconds.  ' 

Figure  7 .  - Continued . 



( e >  T = 1 4  seconds.  

F igure  7 .  - Concluded. 
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Figure  8.- Computed r e f r a c t i o n  diagram f o r  T = 10 seconds with numbered a i rc raf t  f l i g h t - t r a c k  
segments superimposed. C i r c u l a r  symbols deno te  LORAN d a t a .  
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( b )  Segment 4.  

Figure 9.- S p a t i a l l y  ave raged  e n e r g y  a m p l i f i c a t i o n  f u n c t i o n s  f o r  f l i g h t -  
t r ack  segments .  Dashed c u r v e  i n d i c a t e s  assumed v a l u e s .  
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Figure  9.- Cont inued.  
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Figure 10.- Experimental  and computed spectra for f l i g h t - t r a c k  segments. 
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